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The effect of thin oxide films formed anodically on the surface of n-lnP was investigated in redox photoelectrochemical cells. 
Studies relating to the I- V, C-V, spectral response and solar cell behaviour were carried out. In 0.1 M NaOH-0.1 M &Fe(CN)6, 
4.1M K3Fe(CNlg, JO and n showed a decrease in their value for oxidized electrodes compared with bare InP. Barrier heights 
derived from I-V and C-V data showed an increase with oxide. At A = 0.55 p m, the maximum value of the absolute quantum 
efficiency was 0.68 without oxide; 0.55 and 0.40 respectively with increasing oxide thickness. In 1M NaOH-IM & Fe (CN)( 
- 1M K3 Fe(CNI6, the PEC cell showed V, = 0.44 V, J, = 6.4 mAcm-2 , FF = 0.43 with oxide, at 66 mW ~ m - ~  tungsten. 
halogen illumination. 
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INTRODUCTION 
0 xide films can be grown on metals or semiconductor surfaces by anodization in a suitable electrolyte under potentiostatic 
or galvanostatic conditions. The anodic oxides on semiconductors 
find important application in the fabrication of Schottky-barrier 
ievices. In the field of photoelectrochemistry, semiconductors pro- 
ne to anodic dissolution can be protected by thirioxide films grown 
anodically over their surface. Another important application is, 
Tor determining Hall mobility and resistivity data of semiconduc- 
tor substrates. It was shown Ll] that carrier concentration 
profiles of InP implanted with S and Si can be obtained by 
anodically oxidizing the implanted layers and then determining the 
carrier concentration versus depth profiles of the implanted 
InP. 
Indium phosphide is an attractive material for both solid state 
and liquid- junction solar cell applications because its bandgap (1.34 
:V at 300K) is suitably matched to the solar spectrum. As a direct 
bandgap material, it has the lowest absorption depth viz. 0.3 pm 
[2) for visible radiation than any other known material for solar 
;ells. Another important feature, which makes its choice against 
faAs for solar energy conversion applications, is its low surface 
.ecombination velocity (I@ cm sec- I) compared to 10' cm sec-1 
'or GaAs [3]. In the studies on n-InP/NaOH-% Fe(CV6 - K3 
:e(CN)dPt [4] it was observed that InP undergoes photo- 
:orrosion due to oxidation by photogenerated holes. The growth 
)f an anodic oxide on InP and its characterization, has been 
eported in detail [I ,5-151. The role of oxide films in obtaining im- 
roved performance of Schottky barriers and liquid junction solar 
:ells based on InP have been reported [8,16-17. 
The results on the performance of InP photoelectrodes covered 
{ith thin anodic oxide layers for surface protection are reported 
n this paper. 
Part of Ph D work carried out during 1978-83 
EXPERJMENTAL 
The single crystals of n-InP were obtained from M.C.P. (U.K.) 
and have the following specifications: P = 0.027 ohm cm-1, n = 
1.92 x 1017 cm-3 andpm = 1203 cm2 V-I sec-1. The bandgap ob- 
tained from optical absorption studies was found to be 1.34 eV 
at room temperatue (300K). 
The samples were initially cleaned ultrasonically in sequential 
baths of o- xylene, acetone and finally rinsed in methanol. Ohmic 
contact to the n-InP surface was provided by In metal alloyed to 
it at 673K in hydrogen atmosphere. The mechanically polished sur- 
face, was etched in 1% bromine-methanol mix ure for 20 seconds 
to obtain a shiny mirror like surface. 
The photoelectrochemical studies on oxidized and unoxidized 
InP electrodes (area = 0.04 cm2) were performed in 1M NaOH 
- 1M %Fe(CN)6 - 1M K3 Fe(CV6 or 0.1M NaOH-O.lM K, 
Fe(CN)6 0.1M K3 Fe(CN)6 at an illumination intensity of 66 mW 
cm-2 provided by a 1.5 KW tungsten-halogen lamp, the light from 
which was passed through a 2 cm circulating water filter, before 
focussing it on to the photoelectrode by a condensing lens. 
Spectral response studies were done with the help of a Jarrel- 
Ash monochromator. The intensity of the monochromatic light 
was determined by a Si photodiode whose spectral responsivity 
( uA/ AW) is known. 
Dark current-voltage (I-V) and capacitance-voltage (C-V) studies 
were conducted only for a 2-electrode cell configuration as the aim 
was only to investigate the Schottky bani& properties of the anodic 
oxide covered InP in an electrolyte. Far the I-V studies, small d.c. 
potentials from a regulated power supply were applied across the 
cell. The capacitance was measured under increasing reverse bias 
with the help of a LCR balancing bridge. The a.c. signal applied 
was 25 mV peak-to-peak and the measurement frequency was 
1 KHz. In all the experiments, the voltages are generally measured 
by a high input impedance voltmeter and currents by a Keithley 
(160B) digital multimeter. The short-circuit current was measured 
as a voltage drop across a standard resistance of 1.1 ohm value. 
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Oxide growth 
The experimental technique for the anodization of InP was similar 
to the one previously reported by other workers [18]. The electrolyte 
was prepared by adding 3 g pf tartaric acid to 100 ml of triple distill- 
ed water, the pH of which was then adjusted to approximately 6 
by adding 25% ammonia solution. 15 ml of the buffered solution 
was then added to 3.0 ml of propylene glycol to maintain a ratio 
of 1:2. Propylene-glycol-tartaric acid (PGT) electrolyte was chosen 
since it was found that reproducible oxide layers can be grown in 
this medium. It was also well established [18] that anodization in 
glycol and water (AGW) is superior in comparison to anodization 
in aqueous solutions (AAS), since the former facilitates growth 
of thicker oxide films and is insensitive to pH variations. Fig. 1 
shows the experimental arrangement for anodization of InP. 
Fig. 1: Expen'mental arrangement for anodization of InP 
A 50 ml beaker containing the bath was placed on a magnetic 
stirrer and moderately stirred at low speeds to ensure uniform 
growth of oxide during the anodization. Single crystal InP elec- 
trodes, mounted on teflon strips with the help of insulating epoxy, 
were placed sufficiently deep into the electrolyte to prevent cur- 
rent crowding near the regions of the anode which were very close 
:o the cathode. A platinum foil was used as the counter electrode. 
The positive terminal of a constant power supply (B) (Fig.1) was 
mmected to the n-InP electrode through a 1 megohm series 
zsistance (R) and a milliammeter (A), while the negative terminal 
vent to the Pt electrode. A switch (S) was provided to interrupt 
he curent whenever required. During anodization, the InP elec- 
rode was illuminated by a U)OW tungsten lamp from a distance 
)f 30 cm to provide additional holes required for oxide growth. 
In the actual experiment, a constant voltage between 15-180V 
was applied to the InP electrode to set an initial current density 
of 3mA cm-2 . Although oxide layers can be grown, also at low 
current densities, less than 1 mA cm-2 [ldJ, the high current den- 
sities were employed to facilitate growth of thicker oxide films. 
These are essential for adequate surface protection of n-InP in the 
highly corrosive electrolytes used in the present studies. 
Fig. 2 shows a typical current-time plot for n-Inp anodized for 
5 minutes at 175 V at an initial current of 120pA. The fast decrease 
I 1 I 1 1 I 
60 120 180 2LO 300 
Anodizotion time, seconds 
Fig. 02: Typical current-time plot during the oxide growth 
in the current from the initial value indicated the formation of the 
oxide. The figure also shows that the current remained practically 
unchanged over the time interval 210 to 300 sec, due to growth 
saturation. The extent of dissolution of the oxide was .not deter- 
mined as it was reported [l] that the rate of dissolution viz. 1.7 
x 102A sec-1 was quite small compared to the oxide growth rate, 
which was typically 1 A sec-1 at pH 6 for initial current densities 
less than 1 mA crn-2. Anodization was also performed for 2 and 
10 minutes duration, at similar current densities. After the oxide 
grodth, the samples were cleaned thoroughly in triple distilled water 
and dried under argon. 
The thickness of the oxide was determined by ellipsometry in 
which an ellipsometer (Model 80-2HP of Gartner Scientific Cor- 
poration, USA) was used. The values of A r)nd JLT were measured 
at five different places on the oxide surface. The angle of incidence 
( Po) of the He-Ne laser beam was 70". The refractive index of 
the oxide was assumed to be 1.9 which is the value for In203 [?l. 
From the same reference, the refractive index of InP was taken as 3.4. 
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The Auger studies were carried out with the help of a Physical 
Electronics Inc. thin film analyzer. The Auger lines of In, 0 and 
P were recorded as the surface was sputter etched. In terms of 
Ta205 sputter rate, a one minute sputtering of the oxide was 
equivalent to removal of 30 A" of the layer. 
RESULTS AND DISCUSSION 
Ch~cter iut ion  of the anodic oxide 
Resktivity 
The resistivity of the oxide was determined by a two-probe techni- 
que and was found to be in the range of 7 to 8 x 1@ ohm cm. 
Thickness 
The thicknesses of the oxide films as determined by ellipsometry, 
were 407 and 958 A" respectively for the samples anodized for 2 
and 5 minutes. The thickness was also estimated from the colour 
of the oxide film and duration of oxide growth by comparing with 
earlier studies [I]. The thickness estimated in this way, was found 
to be approximately 400 and 1200 A respectively. For the sample 
anodized for 1G minutes, the thickness estimated was approximately 
1800 A. 
Composition analysis from Auger depth profiles 
The Auger composition depth profiles for the oxide layers grown 
for 5 and 10 minutes are shown in Figs. 3 and 4. Although the 
peak heights of the elements cannot be used for quantitative 
analysis due to lack of data regarding the instrument sensitivities 
2 4 6 8 
Sputter t ime, min. 
Fig.3: Auger-peak composition profile for an oxide grown for 5 
minutes 
2 C 6 8 
Sputter t ime, min 
Fig.4: Auger-peak composition profile for an oxide grown for 10 
minutes (Inset: after Wilmsen and Kee, ref. .71 
for different elements, it can be seen that peak heights of lines cor- 
responding to oxygen in both the figures is relatively high com- 
pared to In and P Knes. The anodic oxides grown by previous 
workers [ lq also contained a very large amount of oxygen but the 
In and P peak heights were relatively small. Other workers 121 
observed In peak height to be relatively high compared to oxygen, 
for a 1000 A" thick oxide, grown in a glycol-electrolyte medium 
for 10 minutes at an initial current density of 0.3 mA cm-2. Their 
results are shown in the inset of Fig.4 which makes it clear that 
the PGT grown oxide does not contain an outer layer of constant 
composition, but is a mixture of In2O3and P2O5. By comparison, 
the present results also show that the oxide layers grown may also 
have an outer layer, which is a mixture of In203 and P2O5 . 
The transition from the In-0 bonding to In-P bonding occur- 
red over a region of 60 di in width, in terms af Ta20J sputtering 
rate. Other workers [q reported a transition width in the.range 
250-300 A. The thickness of the oxide Nms in termsof equivalent 
Ta20J layer thickness were found to be 156 and 168 A r&veIy 
for the samples anodized for 5 and 10 minutes. It shows an evidence 
of an approach towards a terminal thickness of 170 A". It seems 
a mixture of In-0, P-0  and In-0 bonding is highly probable within 
the transition region as reported m. 
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Photoelectrochemical studies 
J- V studies in dark 
The dark J-V characteristics obtained under forward bias for n- 
InP electrodes covered with oxide films of thickness 407 and 958 
A" are shown in Fig. 5 for two concentrations of the electrlyte. For 
comparison. the results obtained on unoxidized surfaces are alsc 
shown in the same figure The forward dark current was found tc 
have an exponential dependence with voltage according to: 
qv  J = J Lap(-)- 1 2  
nk-r 
Voltage , volts 
Cig.5: Log J vs V plot 
Sroken line: n-lnP in 1 M NaOH- 1 M K4Fe(CN16 - I M K#c~(CN)~ 
Cull line: n-lnP in O.1M NaOH-O.1M K4Fe(CN16 - 0. IM K ~ F ~ ( c N ) ~  
&Without oxide, 6- With oxide, thickness = 407 A0 
:-With oxide, thickness = 958 A O 
TABLE-I: J, and n for bare and oxidized InP electrodes 
tedox Unoxidized Oxidized 
J n Thickness = Thickness = 
A. cm-2 407 A" 958 A° 
. lM NaOH- 2.9~10-6 7.28 1.2~10-6 5.47 - 
.1M K4Fe(CN)6 
.1M K3Fe(CN)6 
.OM NaOH - 5.4~10-5 9.16 1.2~10-5 5.77 1.9~10-6 2.15 
.0MK4Fe(CN), 
.0MK3Fe(CN)6 
where J, is the reverse saturation current density in A-cm-2 and I! 
the ideality factor, according to the Schattky barrier theory I l q ,  
These values are summarized below: 
It is clear, from Table I, that oxidized surfaces showed better J, 
and n values, although improvement was considerably good with 
thicker oxide films. The junction also exhibited improved rectifica- 
tion behaviour in 0.1M NaOH-O.lM K4Fe(CN)6 - 0. IM K3Fe(CN)6. 
The above values of J, can be used to calculate the barrier 
height fi for InP according to : 
"Nl 
J, = A*T~ a p  I-*] ... (21 
k-r 
The Richardson constant A* was found to have a value of 0.3 A 
cm- 2 K-1 [2q]. values obtained from eqn. 2 are tabulated below: 
%4 
TABLE-II: ~chottki-barrier heights for the n-InPIelectrolyte contact 
Redox Oxide thickness Barrier height 
A" Pew ev 
0.1M NaOH - 
0.1M K4FdCN); N~ oxide 0.57 
0.1M K3Fe(CN), 407 0.59 
1M NaOH - No oxide 0.50 
1M &Fe(CN)- 
6 N7 0.54 
1M K3Fe(CN), 958 0.58 
The small increase in barrier height on 0.1M NaOH-O.1M 
&Fe(CN)6 - 0.1M K3Fe(CN)6 is a consequence of a small decrease 
in J, for the oxidized surface. However, a slightly larger increase 
in &was observed in 1M NaOH-&Fe(CN) 6 -lM K,Fe(CN), for 
the same thickness of oxide. A more pronounced increase was 
observed with thicker oxide (Thble 11). 
C- V studies 
The C-2 vs Vfb variation is shown in Fig. 6. V was determined from 
the extrapolated intercept of the Mott-Schottky plot. ND was 
- calculated from the slope, assuming &, = 10.3 for InP. The bar- 
rier height was calculated from the voltage intercept using Schottky- 
barrier theory L19]. The results are summarized in Table 111. 
The increase in the flat-band potential on oxidized surfaces is 
due to increase in the band bending at the InP-electrolyte inter- 
face. Assuming no voltage drop in oxide, the applied voltage will 
mainly appear across the space charge layer in InP. The ionized 
donor densities, therefore, obtained from the Mott-Schottky slopes 
is an indication of the free electron density in n-InP. 
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V o l t a g t  , volts 
ig.6: Mott-Schottky plot for n-lnP at 1 KHz 
1 M  NaOHO.1M K4 Fe(CN)6 -0.1M K3 Fe(CNj6 
- Without oxide, B - With oxide, thickness = 953 A0 
M NaOH- 1 M K J ~ ~ C N ~  - 1 M K . # ~ I c N ) ~ ~  1 /i 
' - Without oxide, D - k t h  oxide, thickness = 958 A0 
ABLE-Ill: Vfb ,q and ND values for the bare and oxide covered 
IP electrodes bn 
kdox Unoxidized Oxidized 
(thickness = 958 L) 
V, %" ND Vfb %PI ND 
V eV - 3  V eV cm-3 
.lM NaOH- 
.lM &Fe(CN)6 -0.26 0.36 5x101' -0.49 0.59 1.8~1018 
.1M K3k(CN)6 
M NaOH - 
N &Fe(CN)6- -0.40 0.50 3.3~10110.72 0.82 5.7~1017 
N K3Fe(CN)6 
wctral response 
he spectral dependence of the absolute quantum efficiencies 
).E.) for the oxide covered photoelectrode is shown in Fig.7. The 
mimum quantum efficiencies viz. 0.55 and 0.40, occurring at 
A = 0 . 5 5 ~ m ,  indicated that thicker oxide films greatly reduce 
le cell efficiency due to increased carrier scattering and recom- 
nation losses. The nature of the curves differed greatly for the 
ro oxide thicknesses studied here. With the thinner oxide (curve 
, the response was flat over the wavelength region 0.5 to 0 . 8 ~ m .  
hile an increase and then a decrease in the Q.E. was observed 
ith the thicker oxide film (curve b). However, the curves (a) and 
) showed a similar trend to decrease beyond = 0.8 p m  (not 
own in Fig.) meets the wavelength axis at O.%Dm which is close 
the cut off = 0.925rom for kip. 
Fig. 7: Spectral dependence of absolute quantumpfficiency for n- 
InP in 1M NaOH- 1M K4FelCN)6 - 1M K3Fi31CN)6 
A - With oxide, thickness = 953 A0 
B - With oxide, thickness = 18&l AO; and 
C - Wirhout oxide 
that the maximum quantum efficiency was 0.68 at A= 0.55 pm 
which reduced to 0.40 for an oxidized (oxide thickness = 958 A") 
electrode. The decrease in quantum efficiency with oxide can be 
explained in terms of losses due to trapping and recombination, 
that occur during carrier transport across the oxide whose thickness 
is greater than the tunneling width for electrons (40 A). It was shown 
[2€] that an anodic oxide of 40 A" greatly improved the performance 
of MOS diodes fabricated on InP. The spectral response of these 
diodes was flat and exhibited 60% collection efficiencies over the 
visible region due to low surface recombination velocity. 
Solar cell characteristics 
The power output curves (Fig.8) were obtained for the bare and 
oxide covered InP in 1 M NaOH- 1M &Fe(CN)6 - 1 M K3 Fe(CN)6 
solutions under 66 mW cm-2 tungsten-halogen illumination. The 
parameters V, J,, FF andqobtained from these curves are sum- 
marized in Table IV. 
The increase in V, was less than expected considering the shift 
A comparison of the spectral response curves for the oxidized in the Vh from - 0 . 4 t o  -0.72 for the 958 A" oxide. Although less, 
th the unoxidized electrodes (curve c, Fig.7) showed that quan- the increase in V, may arise due to the trapping of negative 
m efficiencies were high for the latter. Further it may be noted charge within the oxide film or at the surface of InP. This negative 
B. Electrochem 4(5) May 1988 501 
Ramprakash et al - Anodic oxide and its effect on the performance of n-lnP PEC cells 
' Fig.8 Power output characteristics in 1M NaOH-1M 
1 K4 FI¶(CN)~ - 1M K3Fe(CNI6 at 66mw cma tungsten-halogen 
illumination 
A- Unoxidized surface 
' B- With oxide, thickness = 958 A0 
C- With oxide, thickens N 1&W A0 
TABLE-IV: Parameters of power output for the bare and oxidized 
InP photoelectrodes 
Unoxidized 0.44 6.70 0.55 2.4 
Oxide covered 
958 A" 0.50 6.40 0.43 2.0 
1800 A0 0.52 3.20 0.42 I .O 
charge will cause an increase in the positive space charge within 
the depletion layer region and thereby increase the band bending. 
The low photocurrents obtained with oxide covered electrodes are 
generally due to poor hole transport across it. 
Intensity dependence of J, and V, 
The light intensity (IL) dependence of J, is shown in Fig. 9. The 
short-circuit current density varied linearly with IL but exhibited 
a slope of 0.73 and 0.74 respectively for the unoxidized and ox- 
idized (958 A") electrodes. The deviation from a slope of unity 
might be due to poor carrier collection at high intensities. 
V, variation with log IL is shown in Fig.10. The slope of the 
plot in the logarithmic region is given by : 
1 I I  I r l l l l l  1 I 
2 5 10 20 50 
Illumination intanrity , m W ~6~ 
Fig.9: J ,  vs log IL plot in 1M NaOH-1 M K4 FelCNlsl MK3 Fe(CN16 
A- Without oxide, B- With oxide, thickness = 958 A O 
Fig. 10: V vs log IL plot in 1M NaOH-1M K4 Fe KN16 - l M  K3 
FdCNle A- Without oxide, B- With oxide, thickness = 958 A0 
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The slopes were found to be 0.11 ad 0.09 respectively for the bare 
and the oxide covered (958 A") electrodes. Similar values have been 
reported [21] on TiOl PEC cells. For n =  1, eq. (3) gives a slope 
of 0.06 V. Using the values of [dV,/d log IL) as determined 
above, n values were calculated and found to be 1.91 and 1.63 
respectively for the two electrodes. The corresponding values deter- 
mined from dark I-V curves (Fig. 5) were 9.16 and 2.15 respec- 
tively. One of the important explanations for the occurrence of 
high n factors in semiconductor-electrolyte junctions is the presence 
of a high density of surface states and the variation of their charge 
with applied potential, thus resulting in a substantial voltage drop 
across the Helmholtz's double layer 1223. An insulating film at the 
semiconductor surface also can increase the n-factor @g. 
The variation of J,, and V, with IL can be fitted to an equa- 
tion of the form: 
Fig.11 shows the variation of J,, with V, for different 
intensities of illumination. J, obtained from extrapolating 
Open- circuit voltage , vo l ts  
Fig. 1 I: Log J, vs V, plot in IM NaOH- 1M K4 Fe (CNj6 - 1M K3 
Fe (CN)6 
4- Without oxide, 8- With oxide, thickness = 958 A0 
observed that there is reduction in n from 9.17 (Table I) to 3.03 
(Fig. 11) for the unoxidized electrode. This shows that.illumina- 
tion brings in a saturation of the active surface traps responsible 
for generation-recombination processes, thus allowing direct charge 
transfer to occur from the filled levels of the valence band of the 
semiconductor to the unfied levels in the electrolyte, with negligible 
contribution from the surface states. On the other hand, the den- 
sity of surface states would normally be reduced for the oxidized 
InP due to surface passivation. Therefore, irrespective of whether 
the electrode was in dark or illuminated, the density of surface states 
should remain the same, provided dissolution of oxide does not 
occur in the electrolyte. This is reflected in the n value, which did 
not vary in the two cases. 
Stability 
The stability of the photoelectrode as determined by the constan- 
cy of the photocurrent was found to be 12 and 8 hours respective- 
ly for the oxide covered (958 A") and bare InP photoelectrodes. 
In the former case, the photocurrent remained constant at 4 mA 
cm-2 for 12 hours and then decreased to 2 mA cm-2 during the next 
12 hours. A thick white film covering the 'entire area of the 
photoelectrode was observed. Although anodic dissolution of 
In203 is contrary to expectation, the porous nature of the oxide 
film does not rule out the possibility of InP coming direct in con- 
tact with the electrolyte, ultimately leading to its dissolution. Auger 
analysis of the oxide revealed the presence of both In2O3 and P20  
5 phases. The latter is a strong dehydrating agent and readily reacts 
with water. This might also be another possible reason for the 
observed dissolution. 
CONCLUSIONS 
Anodic oxide on n-InP improved the dark J-V characteristics by 
reducing J, and n. Capacitance measurements showed increase in 
Vrt, and barrier height. Spectral response studies showed reduc- 
tion in absolute quantum efficiencies with oxide. The power out- 
put curves showed loss in photocurrent collection due to poor hole 
transport across the oxide. Photocurrent stability tests confirmed 
dissolution of InP. 
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